ABSTRACT: He(2 3 S) helium metastable is a key state in the energetic transfers occurring in atmospheric pressure plasma jets that are widely used for applications related to biology or material processing. Its measurement mainly relies on laser absorption, and this is not always easy to perform. In this work, we show a simple way to follow the time evolution of this state that relies on late time evolution of the transitions emitted from the N 2 + (B) state, which is mainly populated by Penning ionization from He(2 3 S). Indeed, we show that the late time decay of N 2 + (B) is found to be the same as that of He(2 3 S) concentration. Using previous work cited in the literature, we conclude that this type of monitoring can be used for argon metastable, with N 2 (C) being the tracer in that case.
I. INTRODUCTION
Currently, nonthermal atmospheric pressure plasma jets are widely used for a large variety of applications in biology, medicine, agriculture, cosmetics, and material processing. This type of jet expands into the atmosphere, and important reactive oxygen and nitrogen species are created mainly after transferring energetic species of the carrier rare gas, which, in many cases, is helium. In this context, 1 it is important to follow the evolution of the species concentration responsible for these transfers, particularly, the atomic metastables of helium (He[2 3 S]). The usual method used is laser absorption -tial and temporal resolution (in the case of plasma jets, this is measured in units smaller than millimeters and on nanosecond time scales). It would therefore be useful to have another simple means for measuring the population variations of this species without implementing a complex system, as is also shown in Lu et al. 2 Studies carried out in the 1970s and 1980s on gas lasers, in particular, excimer lasers and charge transfer lasers, 3 led to the study of reaction kinetics in atmospheric pressure media that were based on experiments involving fast direct discharges between parallel metallic electrodes over wide ranges of partial pressures of minority components in carrier gases. In experiments using helium/nitrogen mixtures, the emission that radiated in the transitions of nitrogen molecular ions between the B and X states allowed investigators to follow the temporal evolution of its main population terms. 4 Indeed, in helium/nitrogen plasmas, in which nitrogen is found in small amounts, the temporal evolution of the N 2 + (B-X) transition phase of the discharge and Penning ionization from atomic helium metastables. In the second phase of the discharge, the highly reactive molecular ions almost totally disappear, but the temporal evolution of the N 2 + (B) state is virtually dominated by the state of production through the Penning ionization reaction. Because the radiative lifetime of the N 2 + (B) state is very short (67 ns 5 ) compared to the lifetime of the metastables, the temporal evolution of the N 2 + (B) that is revealed by light emission (band heads) at 391. 4, 427.8, and 470 .9 nm follows variations of the metastable concentration.
It is therefore interesting to study whether this method, which allows us to follow the evolution of He(2 3 S) in direct discharges, is also valid for plasma jet experiments. Because of the peculiar plasma shape, this measurement in such experiments is procured mainly through LA, and it is usually not easy to perform. In this work, we present a combined analysis of the metastable density measurement using spatially and temporally resolved LA for the measurement of He(2 3 S), and we monitor time evolution of the N 2 + (B) state using emission spectroscopy. Our results are clearly positive and suggest experimental setup and then present the measurement results of the atomic metastable of helium concentration as well as the temporal evolution of the N 2 + (B) state. Finally, we metastables.
II. EXPERIMENTAL SETUP
The jet used in this work is from a plasma gun (PG) device. 6 Figure 1 shows a sche- it is powered by microsecond-duration voltage pulses (up to an 18-kV peak amplitude, with either positive or negative polarity) repeated at 1 kHz, shown in Fig. 2 . We used a 10.5-cm-long dielectric quartz capillary with a 4-mm inner diameter and a 6-mm outer diameter. A 2-cm-long electrode was set inside the capillary. Helium buffer (1 Lmin ) or mixtures of helium (1 Lmin -jected through this inner hollowed electrode (0.8-mm inner diameter). A 5-mm wide grounded ring electrode was set on the outer surface of the quartz capillary overlapping downstream from the tip of the inner electrode by a few millimeters. The absolute concentration of the He(2 3 S) atoms in the plasma jet was measured using LA. The setup and 7 8
TOPTICA Photonics AG, Munich, Germany) that delivered a laser beam at 1083 nm. This wavelength was tuned to a He(2 3 3 S) triplet transition. We measured the average He( 2 3 S) concentration along a line of sight (the radial axis of the jet). The laser beam diameter (i.e., the spatial resolution) motor allowed micrometric translation of the PG; the whole capillary and plasma plume were probed vertically on the jet symmetry axis. We averaged the He(2 3 S) concentration measurement using 400 pulses and assumed absorption length to be 4 mm (capillary inner absorption length was overestimated and led to an underestimated absolute concentration value for this polarity. N 2 + (B-X) emission was recorded at 391.4 nm (an average of 512 pulses) using an Acton VM series Vacuum Monochromator (VM-504) from Princeton In--tonics, Massy, France) photomultiplier tube through an optic mounting. This allowed us to gather the light emitted over 5 mm along the capillary, and this induced a time blurring of
FIG. 2:
High voltage pulse temporal evolution 50 ns taking into account the velocity at which the plasma is propagating in the capillary.
vice 1) for the He(2 3 S) LA measurements. The second used a more conventional system (device 2) for biological experiments for N 2 + (B-X) spectroscopy, that had a much higher level of impurity due to the use of plastic tubing. The third was used only in helium with device 2, for which most of the plastic tubing was replaced by stainless steel (ss) tubing. The last system had an even higher level of impurities (device 3). (1) and (2), and a second charge transfer is much slower and corresponds to the period during which the N 2 + (B) state is mainly populated through Penning ionization following the reactions in Eqs. (3) and (4). The second slope corresponds to the decay of the metastables shown in Fig. 3 . Finally, analysis of the late time slope of N 2 + (B) can infer the time evolution of He(2 3 S). 
III. RESULTS AND DISCUSSION
When N 2 and their contribution to N 2 + (B) is slightly reduced, leading to a time evolution of that state that is very close (~100 ns after the peak intensity) to the measured decay of the He metastables. This is shown in Fig. 5 for the case of the 0.5% N 2 admixture in He.
If Eqs. (3) and (4) are the main reactions leading to the destruction of He(2 3 S), the destruction frequency of the atomic metastable can be derived as follows:
where 0 represents the intrinsic losses in so-called pure helium (that results from the real, pure helium reaction kinetics and takes into account quenching by all impurities including traces of nitrogen). k m = k 3 + k 4 -tions of N 2 , with the atomic helium metastables k 3 and k 4 k m that can be deducted from He(2 effect of nitrogen reactions with other atomic and molecular states, including Rydberg molecules that may stay highly populated during a long portion of the plasma evolution. 9 This can interfere with global equilibrium among all of the He and He 2 excited states that are also populated through He 2 + recombination. The evolution of He(2 3 S) destruction frequency versus nitrogen percentage deduced from LA measurements (using device 1) is shown in Fig. 6 , together with the late time destruction frequency of N 2 + (B) deduced from the emission at 391.4 nm (using device 2). From this graph, two main conclusions may be drawn. First, the extracted value of k m from direct measurements of the atomic metastable concentration 6.5 ± 0.7 × 10 -11 cm 3 s -1 is in quite good agreement with previously reported values at atmospheric pressure. 4 Second, the deduced value of k m through the proposed analysis of the late slope of N 2 + (B) emission is very close to the preceding value of 6.1 ± 0.5 × 10 -11 cm 3 s -1 . This indicates that N 2 + (B) production is mainly dominated by the reactions depicted in Eqs. (3) and (4). Such a result implies that late time evolution of the N 2 + (B-X) transition can clearly be used to follow the atomic helium metastable evolution in plasmas obtained during plasma jet experiments anywhere in the course of the plasma stream (in this case, 5.5 cm in the capillary). The difference in 0 between the two series of measurements realized using two separate devices is a function of the difference in impurity levels between the two systems used for those experiments. The lowest value of 0 (3.5 × 10 5 s -1 ) obtained in the highest purity conditions (device 1) gives a good indication of the effect of intrinsic losses due to other processes in pure helium and those induced by the very low, remaining impurities (mainly occurring inside the gas bottle). The highest value (1.1 × 10 6 s -1 ) obtained with device 2 (using plastic tubing) corresponds to an equivalent level of N 2 impurities of 0.05%, compared to the results obtained directly with LA measurements. If the results obtained with device 2 are shifted by 0.05% on the abscissa axis (Fig. 6, gray dots) , it can be seen that the late time N 2 + (B) destruction frequencies agree almost perfectly with those of He(2 3 S). Taking the above 0 given value into account, the analysis of the late time slope of the N 2 + (B-X) transition in so-called pure helium can yield a good appreciation of the purity of the helium gas used in a given reactor. Therefore, it must be changes in 0 value, as has already been shown in the literature.
7,10 Changing most of brought 0 to a value of 5.4 × 10 5 s -1 , close to that of the high purity system (device 1). We performed the same experiments with varied nitrogen concentrations with device 3, the system with even higher levels of impurities, reasoning that it would lead to higher translated destruction frequency while maintaining the slope from which the rate coefk m was deduced. Those results are shown on Fig. 7 . Once again, the deduced value of k m (6.6 ± 0.5 × 10 -11 cm 3 s -1 -ment with previous values. In this case, 0 corresponds to an equivalent level of 0.1%. 3 S) from any impurity of feeding gas, water coming from residual humidity in the tubing, and ambient air leaking backward into the capillary. Thus, the proposed method presents a simple means to follow changes in helium purity along a capillary open to the air or other medium at its end. These results may be correlated with those of Sands et al. 11 concerning argon metastables Ar(1s5) in a streamer-like helium-argon atmospheric pressure plasma jet. These authors measured Ar metastable concentrations using LA at 811.5 nm and compared their results with the decay of the transition N 2 (C-B) at 337 nm, for which the N 2 (C) state can be produced through the excitation transfer reaction as follows:
In a similar manner to N 2 + (B) in the case of a reaction with atomic helium metastables, N 2 (C) has a very short radiative lifetime (41 ns 5 ) compared to that of the atomic argon metastable. It it can be thus deduced that N 2 (C) evolution will follow that of Ar metastables, assuming that the excitation transfer occurs essentially through that species. Indeed, Sands et al. 11 found that decay rates of N 2 (C) emission and Ar(1s5) agree to within 10%, after passage of the ionization front. N 2 (C) may thus be used to monitor atomic argon metastables on a long time decay. These results together with those presented in this work show that traces of nitrogen can be used in a large variety of plasma jet experiments, pure gases, and gas mixtures to monitor the time evolution of rare-gas (He and Ar) atomic metastables. These metastables play a very important part in plasma jet-induced chemistry, as long as the metastable lifetime in the discharge is much longer than the radiative lifetime of the monitoring state. 
IV. CONCLUSION
We studied the possibility of monitoring atomic helium metastables He(2 3 S) in plasma jet experiments using helium/nitrogen mixtures following the late time decay of the N 2 + (B) state. We measured He(2 3 S) concentrations using LA and followed N 2 + (B) time evolution through N 2 + (B-X) transitions at 391.4 nm. The measurements recorded for a wide range of He/N 2 mixtures revealed that both He(2 3 S) and N 2 + (B) states exhibit the same late time destruction frequency and lead to an estimated value (6.4 ± 0.7 × 10 -11 cm 3 s -1 2 by He(2 3 S) at atmospheric pressure. Our results are in good agreement with values reported in the literature (7-8 × 10 -11 cm 3 s -1 ; see Pouvesle et al. 12 ). This indicates that in the second phase of postdischarge, the N 2 + (B) state is an accurate tracer of atomic helium metastable time evolution, as has already been shown in direct fast discharges dedicated to a charge transfer laser. This also reveals that measuring N 2 + (B) late time postdischarge destruction frequency in so-called pure helium can give a good idea of the impurity levels by which He(2 3 estimation of the variation of air/helium mixture in a plasma plume. Thus, monitoring He(2 3 S) through N 2 + (B-X) transitions appears to be very convenient for the study of atmospheric pressure plasma jets and their various applications. From the work reported in Sands et al., 11 we can extend this type of measurement using N 2 + (B-X) and N 2 (C-B) transitions to helium and argon or their mixtures to follow the evolution of atomic metastables that have a crucial role in any chemistry induced by atmospheric pressure plasma jet.
